Abstract. The paper presents a study of the combined effects of strain rate and confining pressure on the behaviour and microstructure evolutions of a HMX-based explosive. Hopkinson bar compression experiments are carried-out on samples confined with a brass sleeve. The latter is instrumented in order to determine the confining pressure on the explosive sample, directly function of the sleeve thickness and yield strength. A sample confined at 75 MPa and deformed at 250 s −1 is recovered, cross-sectioned and studied using optical microscopy. Distributed microplasticity and microcracking appear similar to those induced by confined quasi-static experiments, indicating that stress triaxiality is the most important loading parameter. The sample also displays a large shear macrocrack, resulting from the formation of an adiabatic shear band. Shear banding seems to proceed by strong plastic strain gradients, followed by dynamic re-crystallization. Further strong thermal effects are observed, resulting in local reactive melting.
Introduction
Low velocity impacts on HMX-based explosives are an important issue of pyrotechnic safety, as they are known to induce violent responses, generally deflagrations and even detonations in rare cases. Ignition of the explosive is thought to proceed by a sequential hot spot process, involving heterogeneous deformation and self-heating, that triggers local chemical reactions (hot spots) and energy release, and finally hot spot spreading and coalescence. In the frame of physically-based modelling approach, it is thought that sub-macroscopic physical processes really involved should first be sought and identified.
For this purpose, a methodology has been defined, aiming at mapping and relating small-scale effects to macroscopic loads. It relies on optical microscopy studies of polished microsections of samples recovered after a series of compression experiments, mainly parametrized by stress triaxiality (confining pressure) and strain rate, in a range representative to low velocity impacts. In the past [1, 2] , samples from quasi-static uniaxial compression, Hopkinson bar compression experiments and quasi-static conventional triaxial compressions have been studied in such a way. Recently, Hopkinson bar experiments on confined samples have been designed, allowing high pressure and strain rate to be applied simultaneously on explosives [3] . The present study is dedicated to the microstructural characterization of a sample recovered after such an experiment.
The material at stake is a bimodal HMX plastic-bonded explosive containing less than 5% rubbery binder, and hotpressed to more than 98% theoretical maximum density. bars. The striker's length is half the input bar's, i.e. 1.25 m. The output bar is 2 m long. The samples are 10 mm diameter cylinders, and hat-shaped steel plugs are used to adapt the difference of sections between the sample and the bars. The confining pressure is applied to the sample by a brass sleeve, in which the sample is inserted (Figure 1 ). To ensure tight contact and confining pressure transmission from the beginning of the experiment, the inner diameter of the sleeve is machined to be slightly smaller than the sample's diameter [4] . The compression stress is applied to the sample through the plugs. The sample then exerts a radial stress on the sleeve, which expands radially in an elastic fashion until its yield stress is reached. A transient phase follows, and lasts until the entire sleeve has flowed. At this stage, the radial traction at the sleeve-sample interface (which represents the sample confining pressure) becomes constant. Using an elastic-perfectly plastic sleeve material (brass in the present case), the confining pressure and its evolution can be computed (Figure 2 ) from the knowledge of the sleeve hoop strain measured at its external surface [3] .
Hopkinson bar experiments
The experiment is instrumented by two strain gauges glued to the input and output bars respectively, and by a gauge glued on the sleeve, (Figure 1 ). The signals of both the Hopkinson bars and the sleeve are recorded through quarter-Wheatstone bridges and signal conditioning amplifiers linked to dedicated acquisition software. The longitudinal stress-strain sample response is determined via standard Hopkinson data extraction procedure, and the confining pressure is calculated as described above.
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The unconfined compressive behaviour of the studied material displays a highly rate-dependent quasi-brittle (concrete-like) behaviour, characterized by a peak stress of 18 MPa at 10 −6 s −1 , but 50 MPa at 300 s −1 [5] . The strain at peak stress tends to increase with strain rate. Confined quasi-static compression experiments show that a brittleductile transition takes place around 30 MPa confining pressure, with a strain hardening elastic-plastic behaviour at higher confinement [2, 3] .
The aim of the present work being to assess the effect of combined high strain rate and confining pressure, four compression experiments are performed for two strain rates (10 −4 s −1 and 300 s −1 ) and for two confining pressures (75 and 140 MPa).
The two quasi-static experiments are conducted with an electromechanical machine. The sample longitudinal strain is directly calculated from the upper platen displacement. The sample responses are displayed in Figure 3 in the principal stress difference versus longitudinal strain plot, together with the results of the two dynamic experiments. The end of each curve does not correspond to sample fracture, but to the sleeve gauge record ending.
Dynamic tests were performed with a quasi constant strain rate of 250 s −1 , except for the first 2% longitudinal strain where a peak of 350-450 s −1 is observed. The bar gauge signals were very noisy, especially in the rising phase, so that data reduction was performed using only the output bar signal. These oscillations will be explained later, using numerical simulations. It should be added that the load is not limited to the first compressive wave generated by the impact of the projectile on the input bar, but also of all compressive and tensile waves generated by reflections on the interfaces. As the strain recordings are only available for the first compressive wave (i.e. for 500 µs), we have no information on the mechanical response (particularly for strain magnitudes) of the sample after the first 500 µ s. No ultimate strength is detected: the explosive behaviour appears elastoplastic, which brings out a brittle-ductile transition under pressure, consistently with previous findings [1, 2] .
The comparison between quasi-static and dynamic results of Figure 3 shows that the effect of strain rate is weaker under confinement than in the uniaxial case discussed above. Actually, confinement effect seems to be predominant compared with rate effect. This has already been observed for concrete-like materials [6] .
The 75-MPa-dynamic result displays clear softening at 9% of longitudinal strain, although no softening is observed for the quasi-static tests at such strain magnitudes. This is thought to be the consequence of strain localization followed by macrocracking, as discussed below.
As seen on the axial cross-section (Figure 4 ), the sample is slightly rotated and has undergone an anticlockwise tilt of a few degrees.
This might be the consequence of an ill-centred impact of one or both plugs on the sample and the sleeve. Two numerical simulations were performed with ABAQUS/ 02005-p.2 DYMAT 2012 Explicit, with and without off-axis shifts, for comparison purposes. The centred case shows the existence of the friction cones classically observed in compression experiments, as displayed in Figure 5a . This induces strains gradients throughout the sample, consistently with microstructural findings (see below).
In the ill-centred case (see Figure 5b ), one branch of the friction cone is strongly enhanced, resulting in an S-shaped shear band. The branch connects the sample edges free from plugs contact. The shear banding premises appear only a few tens of microseconds after the beginning of the sample compression, i.e. less than 1% of compression. High gradients of longitudinal strain result, along with material flow through the gaps created by this shifting, between the plugs and the sleeve. This simulation confirms that off-axis shifting leads to a rotational motion of the sample. Although the simulation is not suited for strain localization treatment, the numerical results are quite consistent with observations. It is therefore likely that off-axis shifting of the plugs of the 75-MPa-dynamic test is responsible for the fracture of the sample and to its softening response. Moreover, the numerical analysis shows that off-axis impacts induce force oscillations, and is thus very probably responsible for the noisy experimental signals.
Owing to its complex and well-documented loading path and history, the following microstructural study focuses on the 75 MPa sample.
3 Initial microstructure Figure 6 shows a representative view of the initial microstructure of the material. The latter appears as a composite of large HMX grains (denoted as grains in the following) and a mixture of small grains and binder (denoted as matrix hereafter). The initial microstructure is not defect-free. The grains contain intra-granular microcracks, many of which arising from grains mutual contact areas. The matrix grains are generally free from microcracks. The grains also contain twin-like structures, as do some of the largest matrix grains. Finally, some grains and the matrix display pores. The largest part of the porosity (total value slightly larger than 1%) lies in the matrix, and appears as inter-granular in nature.
There is no preferential orientation of the grains, nor of the defects present in the sample.
Microstructural study
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The full view of the axial plane (Figure 7) shows clear barrelling, and the residual maximum diameter of the sample is 11.5 mm. The sample-plug interfaces, very flat, are easily recognized. Their distance is 8 mm. Material is missing at their centre, forming crater-like depressions on both faces. A large S-shaped macrocrack ("S-crack" in the sequel) crosses the sample from top-left to bottomright. The crack emanates from the upper-left and bottomright edges of the plugs, which have clearly undergone a 02005-p.3 ∼0.5 mm symmetrical off-axis shifts. Finally, material has flowed between the plug and the sleeve, leaving a "horn" at the top-left corner of the sample.
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Detailed observation reveals the superposition of a variety of features at the microscopic scale distributed throughout the sample, and several macrocracks, the most obvious one being the large S-crack.
Microcracking and microplasticity
Outside the macrocrack zones, microstructural changes are rather well distributed and include preferential orientation, increase of twin density, intra-and inter-granular microcracking. None of those alterations appear uniform in the sample. They are stronger in the central zone than at the sample periphery. Figure 7 shows a horizontal preferred orientation of the grains, especially in the central and lower zones of the sample. It is not clear whether the change of orientation is associated or not with an elongation of the grains.
At higher magnification, the grains display a significant increase of both twins and intra-granular microcracks, compared to the initial state (Figure 8 ). Detailed observation of feature interceptions shows that twinning and microcracking are concomitant.
Intra-granular microcracks seldom display tangential displacement jumps. Opening displacements remain of the order of a micron at most. A careful examination of grains shows that twinning and microcracking are concomitant.
Grain-matrix debonding is frequently observed. Although residual opening can locally reach of couple of microns, it is generally very small. Yet it produces an optical artefact at low and medium magnification enhancing grain boundaries.
The matrix itself displays two kinds of alterations, namely dilation and intra-granular microcracking (Figure 9) . The latter tend to be oriented. The former can only be detected at the highest magnification and is better exposed near the macrocracks. Neither preferred orientation nor elongation of the fine grains in the matrix have been observed.
The S-crack zone
The S-crack, which crosses the whole sample, is characterized by an opening of around 20 µm, and a large tangential displacement. The latter is difficult to assess, as corresponding features can hardly be recognized on both sides of the crack. To fix ideas, if a tentative value of 650 µm is chosen for the tangential displacement jump, then the remaining average longitudinal strain is of the order of 13%. Two more or less parallel replicas are present in the central zone of the sample. Although of limited extension, they bear a tangential displacement of the order of 100 µm.
The S-crack is characterized by a large local gradient of plastic deformation. In its neighbourhood, the grains are so heavily deformed that individual twins can no longer be resolved (see Figure 10) .
In a narrow band along the crack boundaries, recrystallization, matrix enlargement and spongy grain morphology indicate strong thermal effects. In the crack 02005-p.4 DYMAT 2012 opening, many bubbly spherules can be found, interpreted as vesicular glass resulting from quenched reaction and outgassing HMX liquid droplets (figure 11).
The craters and related macrocracks
The surface of the crater and its immediate surroundings bear a close similarity with those of the S-crack, and displays the same thermal effects, including re-crystallization, local melting and spherules (Figure 12 ). This surface is thus interpreted as the lower lip of a shear macrocrack. This is supported by the evidence of shear deformation ∼500 µm below the crater floor.
Emanating from the left boundary of the crater, a mode I macrocrack develops symmetrically on both sides of the sample, and end up in the S-crack (Figure 13 ). The region between the crater and the S-crack is pervaded by intragranular microcracks oriented perpendicular to the crater surface, suggesting a tensile state of stress.
Discussion and conclusions
The analyzed sample displays a very complex structure, characterized by the superposition of distributed features (microplasticity, microcracks) and localized objects (S and crater macrocracks and their vicinities). The numerical analysis suggests that the compression process can be divided into two successive steps, namely quasi-homogeneous deformation and strain localization. It is reasonable to consider that the first stage is associated with the hardening part of the overall response (see Figure 1) . Accordingly, the second stage of strain localization should be characterized by a softening response corresponding to strain accumulation in the localized zone and (visco)-elastic unloading elsewhere.
To the first stage should thus belong most of the distributed small scale features. The intensity of microplasticity and microcracking is clearly not homogeneous and displays gradients, especially in the ortho-axial direction. They are maximum along the vertical axis and decrease to much lower values at the lateral edges of the sample, i.e. at the sample-sleeve interface. This is attributable to friction at this interface, preventing or slowing down longitudinal straining in its vicinity.
The deformation mechanisms are concomitant crystal plasticity, microcracking and matrix alteration. This is what was observed in samples recovered after quasistatic triaxial compression experiments in the same confining pressure range [1, 2] . Meanwhile, this picture is very different from observations in a sample recovered after a dynamic uniaxial compression experiment [1, 2] . This confers a relatively minor role to strain rate under confinement, from a microstructural standpoint.
The predominant horizontal orientation of (large) grains is either due to crystal plasticity or to simple grain rotation. Quantitative measurements on large grain elongations should allow determining the right mechanism. The very limited grain-matrix microcrack residual opening shows that the matrix accommodates grain plasticity irreversibly. This probably occurs by small grains relative motion rather than by small grain plasticity, since no obvious change in the small grains average aspect ratio is noticed.
It is striking that residual microcrack displacements remain so small, regardless to their nature. This has been the case for all studied samples up to now, providing additional elastic strain accommodation by damage induced softening. This has been shown to be the unique inelastic deformation mechanism for uniaxial compression. Under confinement, previous work showed that microcracking is partially or totally prevented. In this case, grain plastic deformation is promoted, provided that the stress level is sufficient. The present case is an example of mixed mode. It was also shown previously that under high confinement, another intra-granular microcracking mode is observed to follow the twin planes, possibly indicating plastic strain 02005-p.5 EPJ Web of Conferences saturation. This mechanism is marginally observed in the present sample.
The second stage of localized deformation is complex in itself, involving three macrocracks. The mode I crack does not cross the S-crack and is therefore formed later. It is presumed that the S-crack forms first, in a progressive fashion, by a local enhancement of plastic deformation. Dynamic re-crystallization should then take place, as suggested by Osovski et al. [7] in metals. Further deformation should invoke strong heating, either by dissipative straining or by friction, thus provoking local reaction leading to spongy structure, and melting as well.
It is difficult to suggest an interpretation for the formation of the craters and the mode I cracks. They indicate that strong shear and tensile stress states occur in this zone, but additional analyses are required for further understanding of these phenomena.
The present results represent the very first attempt to evaluate and link the macro-and mesoscopic responses of the studied material when submitted to a well-controlled load representative to low velocity impacts. More work is clearly required. However, these first results demonstrate the interest of the proposed methodology. As the respective roles of triaxiality and strain rates begin to be unravelled, the next step should consist in studying the effects of large macroscopic deformations on microstructural evolutions.
